INTRODUCTION
Coral reefs are among Earth's most productive ecosystems and support a remarkable diversity and abundance of marine life; however, these habitats are generally characterized by low nutrient availability, intense competition for space and light, and heavy grazing pressures (Birkeland 1997) . To cope with these environmental demands, many sessile invertebrates form symbioses with photosynthetic organisms, in which autotrophic symbionts contribute to the metabolic and energetic needs of the host (Muscatine & Porter 1977) , thereby enhancing host growth rates and competitive ability. These symbioses are exemplified by mutualistic coral-dinoflagellate associations, whose evolution yielded the formation of coral reef habitats (Stanley 2006) , and span a wide range of invertebrate host taxa, including tridacnid clams, anemones, ascidians and sponges (Rützler 1990) .
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Resale or republication not permitted without written consent of the publisher lor et al. 2007a) . Symbiotic cyanobacteria may benefit host sponges through supplemental nutrition (Arillo et al. 1993) , nitrogen fixation (Wilkinson & Fay 1979) , production of secondary metabolites (Flatt et al. 2005) and UV protection (Regoli et al. 2000) , suggesting key roles for these symbionts in the evolutionary history and ecological success of coral reef sponges.
Although sponge-associated cyanobacteria span at least 6 genera (Steindler et al. 2005 , Taylor et al. 2007a ), a sponge-specific lineage of Synechococcus represents the most prevalent symbiont group (Erwin & Thacker 2007) . The initial description of this species, 'Candidatus Synechococcus spongiarum', was based on the distinct morphology and unique 16S ribosomal RNA (rRNA) gene sequences of cyanobacteria associated with the host sponge Chondrilla nucula (Usher et al. 2004 ). Similar ribotypes have been characterized from at least 20 sponge species, which represent 12 families and 8 sponge orders, and inhabit tropical and temperate reefs around the world (Steindler et al. 2005 , Thacker 2005 ). Phylogenetic analyses of S. spongiarum 16S rRNA sequences from these host species revealed a genetically distinct symbiont clade clearly differentiated from freeliving cyanobacteria, but with little consistent genetic differentiation within this clade based on host taxonomy or geographic location (Steindler et al. 2005 , Thacker 2005 . Similarly, comparative morphological analyses of S. spongiarum using electron microscopy reported indistinguishable symbiont populations inhabiting disparate hosts from distant geographic regions (Usher et al. 2006) . Taken together, these studies suggest that S. spongiarum may represent a generalist symbiont capable of horizontal transmission among hosts and widespread dispersal across the oceans.
The contribution of cyanobacterial symbionts to host sponge nutrition has been estimated by measuring photosynthetic rates and gross primary productivity to respiration (P:R) ratios of intact holobionts (Wilkinson 1987) . Symbioses with a P:R ratio exceeding 1.5 were defined as phototrophic sponges, receiving supplemental nutrition from the products of symbiont photosynthesis (Wilkinson 1987) . Although phototrophic species were common on Pacific coral reefs, previous investigations suggested that they were absent in the Caribbean (Wilkinson 1987 ). Since photosynthetic rates and metabolic exchanges are not necessarily correlated, additional measurements are often required to infer the nutritional contribution of symbionts to their hosts (Muscatine et al. 1981) . Field-based shading experiments provide direct evidence for the ultimate role of photosymbionts by testing the effects of reduced sunlight exposure on symbiont load and host sponge growth and survival. Such experiments have been conducted for Indo-Pacific (e.g. Thacker 2005 ) and Mediterranean sponges (e.g. Arillo et al. 1993 ).
We assessed the nutritional contribution of symbiotic cyanobacteria to Caribbean coral reef sponges by experimentally shading 2 common sponge species, Aplysina fulva and Neopetrosia subtriangularis, and monitoring chlorophyll a (chl a) concentrations and holobiont growth over a 6 wk period. These empirical data were compared to predictions of symbiontderived nutritional benefits based on post-experiment measurements of P:R ratios. Symbiont identities were confirmed and fine-scale variability between host sponge populations was assessed using cyanobacterial 16S rRNA and 16S-23S rRNA internal transcribed spacer (ITS) gene sequences.
MATERIALS AND METHODS
Sponge collection and experimental design. The sponges Aplysina fulva and Neopetrosia subtriangularis were collected from STRI Point, Bocas del Toro, Panama (9°21' 7'' N, 82°15' 32'' W) at depths of 2 to 3 m. A. fulva and N. subtriangularis are abundant members of the reef sponge community in these shallow waters, representing the 2nd and 5th most abundant sponge species, respectively (Erwin & Thacker 2007) . Both species exhibit a rope-like morphology with occasional bifurcating branches. A. fulva individuals inhabiting the reefs of Bocas del Toro range in color from yellow to reddish brown, with a compressible consistency. N. subtriangularis individuals range in color from yellowish-brown to dark brown, with a brittle, hard consistency. A total of 10 individuals per species were collected; each individual was divided into 2 small pieces (approximately 3 cm long) and 4 large pieces (approximately 10 cm long). One small piece was preserved in RNAlater (Ambion) for genetic characterization of symbionts, while the other was used for initial chl a quantification (see 'Chl a quantification'). From each source individual, 2 large pieces were randomly assigned to the control treatment and 2 to the shaded treatment; each pair was housed in a separate canopy, for a total of 10 control and 10 treatment canopies.
Canopies consisted of a 15 cm × 15 cm square plastic grating base attached by plastic cable ties to a 30 cm × 30 cm × 3 mm acrylic (Lucite-ES, INEOS Acrylics) roof with 4 PVC pipes of length 10 cm located in the corners. Acrylic canopies were either transparent to visible light for control treatments or opaque for shaded treatments, which reduced the light availability to approximately 7% of ambient irradiance. Each sponge was measured for initial wet mass (after a standardized blotting with paper towels) and displacement volume, then attached to respective control or shaded canopies and deployed in the field for 6 wk.
One sponge per canopy was sampled each week to monitor chl a concentrations; the other sponge was left undisturbed to ensure accurate mass and volume measurements at the end of the experiment. Following final measurements of mass and volume, sponges were divided into 3 pieces: one preserved in 95% ethanol as a morphological voucher, one preserved in RNAlater for genetic characterization of symbionts, and one used for final chl a quantification. Growth rates were calculated as percentage change [(final -initial)/initial × 100]; randomized block ANOVAs were used to detect significant (p < 0.05) differences between the growth rates of paired control and shaded replicates obtained from the same source individual using SYSTAT v. 11. While no sponges suffered complete mortality, sponges were removed from the final analyses if (1) they exhibited negative growth due to predation (5 out of 40 pieces), (2) the treatment cages detached from the substrate (1 out of 40 pieces) or (3) samples were overgrown by algae (1 out of 40 pieces). Additionally, paired replicates of sponges removed from the analyses were also removed (5 out of 40 pieces) to maintain balanced statistical analyses.
Chl a quantification. For each sponge piece, 0.25 g of ectosome was extracted in 10 ml of 90% acetone. Samples were wrapped in foil to prevent photodegradation of chlorophyll and held overnight at 4°C. Subsequently, 1.5 ml of extract was transferred to a microcentrifuge tube and centrifuged to pellet-suspended particles; 1.0 ml of supernatant was then transferred to a spectrophotometric cuvette and absorbances were quantified at 750, 664, 647 and 630 nm. Chl a concentrations were estimated from these absorbances using the equations of Parsons et al. (1984) and standardized per sponge mass extracted. Control and shaded treatments were compared over 6 wk by repeated measures ANOVA using SYSTAT v. 11.
Photosynthesis and respiration measurements. After 6 wk of shading, 4 pairs of control and shaded sponges from each of the 2 species were attached to plastic grating using plastic cable ties and held in an outdoor, flow-through, filtered-seawater aquarium for 7 d. Photosynthesis and respiration rates were measured in a closed-chamber incubation apparatus that consisted of 4 glass cylinders set in 2 rectangular water baths. Cylinders were filled with filtered seawater, and initial dissolved oxygen (DO) concentrations and temperatures were measured using a YSI-85 DO meter (YSI Environmental). To measure net photosynthesis rates, sponges were added to the cylinders and exposed to ambient sunlight for 1 h. To measure respiration rates, sponges were incubated at night for 2 h. During daylight incubations, light availability was manipulated using window screening and measured at least every 15 min using a LI-1400 Datalogger (LiCor).
After incubation, sponges were removed from the cylinders and final DO concentrations and temperatures were measured. Gross photosynthesis was calculated as net photosynthesis plus respiration.
Isolation, cloning and sequencing of symbiont DNA. Although intragenomic variation can complicate the analysis of ITS sequences for some cyanobacteria, Synechococcus spp. and other unicellular cyanobacteria possess only 2 identical copies of the rRNA operon (Stewart & Cavanaugh 2007) . Rocap et al. (2002) suggested that the 16S-23S rRNA ITS region could be a useful marker to distinguish among strains of Synechococcus. Genomic DNA was extracted from 5 Aplysina fulva and 5 Neopetrosia subtriangularis specimens preserved in RNAlater using the Wizard Genomic DNA Purification Kit (Promega); extracts were cleaned using the Wizard DNA Clean-Up System (Promega). The cyanobacteria-specific oligonucleotide primers CYA781F (Nübel et al. 1997 ) and CYA23S1R (Primer 340, Iteman et al. 2000) amplified the 3' end of the 16S rRNA gene (737 bp) and the complete 16S-23S ITS region (492-496 bp). Total PCR reaction volume was 50 µl, including 25 pmol of each primer, 10 nmol of each dNTP, 1× MasterTaq PCR Buffer (Eppendorf) and 1× TaqMaster additive (Eppendorf). Thermocycler reaction conditions included an initial denaturing time of 5 min at 85°C, followed by the addition of 1.0 unit MasterTaq DNA polymerase (Eppendorf), then 30 cycles of 1.5 min at 94°C, 2 min at 50°C and 3 min at 72°C, and a final extension time of 10 min at 72°C. PCR reaction products were gel-purified and cleaned using the Wizard PCR Preps DNA Purification System (Promega), then ligated into plasmids using the pGEM-T Easy Vector System (Promega); plasmids were harvested using the QIAprep Spin Miniprep Kit (QIAGEN). At least 3 separate clones were sequenced from each sponge individual. If dissimilar clones were recovered, 4 or 5 additional clones were sequenced. Forward and reverse sequencing reactions were performed for each clone at the University of Alabama at Birmingham (UAB) Center for AIDS Research (CFAR) DNA Sequencing Core Facility.
Phylogenetic analysis of symbiont DNA sequences. Forward and reverse sequences were compared using Sequencher (Gene Codes) to ensure the accuracy of sequencing results. Consensus sequences were deposited in GenBank under accession numbers EF121775 to EF121812 and were aligned using Clustal X (Thompson et al. 1997) . GenBank BLAST searches identified the most closely related sequences to the sponge-associated clones. Sequences from GenBank used as outgroup comparisons included the top 3 BLAST matches (AY033310, DQ009327 and DQ900359) and 4 cultured cyanobacterial sequences from Synechococcus Marine Cluster 5.1 (AF397728, AF397713, AF397721, and AF397727; Rocap et al. 2002) . ITS region sequences were annotated by comparison to sequences obtained by Iteman et al. (2000) . All ITS sequences contained 2 transfer RNA (tRNA) coding regions (tRNA-Ile and tRNA-Ala). Spongeassociated clones exhibited less than 1% sequence divergence in the 16S region but approximately 7% sequence divergence in the ITS region. A partition homogeneity test was conducted using PAUP* 4.0 (Swofford 1998) to assess congruence between phylogenies constructed using all sequence data (16S and ITS) and only the ITS region. Since this test yielded identical tree topologies (p = 1.00), subsequent phylogenetic analyses used only the ITS region.
Neighbor-joining (NJ) phylogenetic analysis of aligned DNA sequences was performed using MEGA 3.1 (Kumar et al. 2004) , with the Kimura 2-Parameter model of nucleotide substitution. Data were resampled using 1000 bootstrap replicates. Maximum parsimony (MP) and maximum likelihood (ML) phylogenetic analyses were performed using PAUP* 4.0 (Swofford 1998) . For MP analysis, a heuristic search was performed with 100 random additions, a maximum of 10 trees retained at each step, and an overall maximum of 1000 trees. The stepwise-addition and tree bisection reconnection algorithms were implemented with default settings and the data were resampled using 100 bootstrap replicates. For ML analysis, Modeltest 3.06 (Posada & Crandall 1998) was used to select the best model of DNA substitution: the HasegawaKishino-Yano model with a gamma distribution of variable substitution rates among sites (HKY+G). ML analysis was performed using a heuristic search; data were resampled using 100 bootstrap replicates. For Bayesian analyses, MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003) was used to calculate the posterior probabilities of branch nodes, implementing the HKY+G likelihood model. The Monte Carlo Markov Chain length was set at 1 million generations with sampling every 100th generation and a burn-in value of 2500 cycles. After 882 000 generations, the average SD of split frequencies reached less than 0.01.
RESULTS
Experimental shading reduced symbiont chl a concentrations in both sponge-cyanobacteria symbioses investigated. In Aplysina fulva, chl a concentrations steadily decreased in shaded treatments throughout the experimental period and, following an early stressinduced reduction, controls recovered to initial chl a concentrations by Week 4. After 3 wk, chl a concentrations were significantly different between shaded and control sponges and by the end of the experiment, chl a concentrations in shaded treatments were less than half (45%) those of control sponges (Fig. 1A , Table 1 ). In Neopetrosia subtriangularis, shaded treatments displayed similar reductions in chl a concentra- Effect of shading on gross productivity to respiration (P:R) ratios (mean ± 1 SE; n = 4). Dashed lines represent the threshold P:R ratio used by Wilkinson (1987) to define sponge-cyanobacteria symbioses as heterotrophic (P:R < 1.5) or phototrophic (P:R > 1.5) tions throughout the experimental period, while controls recovered to initial chl a concentrations by Week 2. After 2 wk, chl a concentrations were significantly different between shaded and control sponges and by the end of the experiment, chl a concentrations in shaded treatments were less than half (42%) those of control sponges (Fig. 1B , Table 1 ). Photosynthetic output and P:R ratios of shaded sponges were also reduced compared to controls at lower irradiances in both host sponge species; however, no significant differences between shaded and control sponges were observed at any irradiance for either host species (Fig. 2, ), yet were classified as phototrophic sponges (P:R > 1.5) at higher irradiances (> 500 µmol m -2 s -1
; Fig. 2 ). The growth rates of Aplysina fulva and Neopetrosia subtriangularis differed in response to reduced symbiont abundance. In A. fulva, shaded sponges hosted a reduced symbiont load (chl a: t = 4.771, df = 4, p = 0.009) and grew significantly less than controls (volume: t = 5.440, df = 4, p = 0.006; mass: t = 3.959, df = 4, p = 0.017), exhibiting less than half the volume (36%) and mass gain (40%) of control sponges over the 6 wk experimental period (Fig. 3A) . In contrast, experimental shading of N. subtriangularis yielded no significant differences in growth between shaded and control individuals (volume: t = 0.307, df = 8, p = 0.767; weight: t = -0.187, df = 8, p = 0.856), despite a reduced symbiont load in shaded sponges (chl a: t = 7.702, df = 8, p < 0.001; Fig. 3B ).
Symbiont 16S rRNA gene sequences formed a monophyletic clade with the sponge-specific cyanobacterium, 'Candidatus Synechococcus spongiarum' (Usher et al. 2004 ) and related sponge-derived cyanobacterial sequences (Steindler et al. 2005 , Thacker 2005 ) and were clearly differentiated from free-living cyanobacteria. Recovered 16S rRNA gene sequences were highly conserved, exhibiting less than 1% sequence divergence among recovered clones (Table 3 ) and no significant effect on the topology of phylogenies constructed using ITS sequence data (partition homogeneity test, p = 1.00).
Symbiont ITS sequences exhibited greater than 5 times the variability of 16S sequences (Table 3) and revealed 3 distinct symbiont clades within the spongespecific Synechococcus lineage (labeled A, B and C) that were well supported by all phylogenetic analyses (Fig. 4) . Deeper nodes representing relationships among the symbiont clades were not well resolved. Table 2 . Aplysina fulva and Neopetrosia subtriangularis. ANOVA of gross production to respiration (P:R) ratios following 6 wk of shaded and control conditions
The maximum parsimony analysis revealed a polytomy among the 3 symbiont lineages (Fig. 4) , while Clade B and Clade C formed a weakly supported (58%) monophyletic clade in the maximum likelihood phylogeny and a modestly supported clade (0.81) in the Bayesian phylogeny. In contrast, Clades A and B formed a weakly supported (55%) monophyletic clade in the NJ phylogeny. Cyanobacterial ITS sequences also revealed finescale differences in the symbiont communities of the 2 host sponge species. The symbiont community in Aplysina fulva was dominated by Clade A cyanobacteria, accounting for 83.3% of recovered symbionts and isolated from all host individuals. Clade B cyanobacteria were identified in 2 A. fulva samples and represented 16.7% of the recovered symbiont community, while Clade C symbionts were absent from A. fulva. In contrast, the symbiont community in Neopetrosia subtriangularis was dominated by Clade B cyanobacteria, accounting for 85.0% of the recovered symbionts and isolated from all host individuals. Clade C symbionts were present in one N. subtriangularis sample and represented 15.0% of the recovered symbiont community, while Clade A symbionts were absent from N. subtriangularis.
DISCUSSION
Field-based shading experiments and molecular phylogenetic analyses revealed that the common coral reef sponges Aplysina fulva and Neopetrosia subtriangularis harbor unique clades of cyanobacterial symbionts that may confer variable nutritional benefits to their hosts. Although shading effectively reduced chl a concentrations in both sponge-cyanobacteria symbioses, this reduction in symbiont load only influenced host sponge growth in A. fulva. These results suggest . Effects of shading on relative change in chl a concentrations (symbiont load), holobiont volume, and mass (mean ± 1 SE). *p < 0.05 for the difference between control and shaded treatments that the cyanobacterial symbionts of A. fulva may play a pivotal role in host metabolism and ecology by providing supplemental nutrition that enhances host growth rates. In N. subtriangularis, short-term decreases in symbiont load had no effect on host growth, suggesting either that these cyanobacterial symbionts do not affect host metabolism or that this sponge can compensate for the loss of its symbionts. Other symbiont-derived benefits that may increase long-term host fitness (e.g. secondary metabolite production or UV protection) remain to be investigated in both species.
Gross productivity and respiration rates measured for Aplysina fulva and Neopetrosia subtriangularis highlight the effects of light intensity on P:R ratios and the subsequent trophic classification of spongecyanobacteria associations. Both sponge species were classified as heterotrophic (P:R < 1.5) at low irradiances (< 250 µmol m -2 s -1
) and phototrophic (P:R > 1.5) at high irradiances (> 500 µmol m -2 s -1
; Fig. 2 ). Previous P:R measurements by Wilkinson (1987) PSXF9C1  PSXF5C1  PSXF5C4  PSXF5C6  PSXF5C3  PSXF9C3  PSXF10C4  PSXF10C6  PSXF5C7  PSXF6C2  PSXF9C2  PSXF7C1  PSXF7C2  PSXF6C1  PSXF7C3  PSXF5C2  PSXF5C8  PSXF10C1  PSXF26C2  PSXF22C2  PSXF24C4  PSXF25C2  PSXF25C3  PSXF23C7  PSXF24C2  PSXF23C6  PSXF23C1  PSXF23C8  PSXF25C1  PSXF22C3  PSXF26C1  PSXF23C5  PSXF22C1  PSXF26C3  PSXF24C3  PSXF23C3  PSXF23C2 (Vermeij & Bak 2002) . These data suggest that P:R measurements obtained at high irradiances are more indicative of natural conditions and in situ photosynthetic activity for A. fulva and N. subtriangularis. Thus, previous studies may have underestimated the photosynthetic activity of Caribbean sponge-cyanobacteria symbioses.
We expected to observe differences in P:R ratios between the control and shaded treatments for both sponge species. Instead, the reduced symbiont load in each species did not impact P:R ratios, despite a trend towards significant differences (Table 2) . Potential explanations for this result could include a lack of statistical power, since only 4 replicates were tested. Holding these sponges in shaded outdoor aquaria for a week during these measurements may have also impacted either their photosynthetic output or respiration rates. In addition, the cyanobacteria remaining in shaded sponges may have increased their photosynthetic output as their populations decreased, thereby buffering the effect of reduced symbiont load on the P:R ratio. Additional experiments are needed to address the mechanisms by which symbiont load affects both cyanobacterial photosynthetic rate and host sponge respiration.
The fine-scale phylogenetic utility of the cyanobacterial 16S-23S rRNA ITS region has promising applications for resolving the host specificity of the spongeassociated lineage of Synechococcus. As demonstrated in the present study, cyanobacterial 16S rRNA gene sequences are often too conserved to resolve fine-scale relationships and may mask important ecological and physiological differences among closely related clades. Previous studies reported that cyanobacterial species exhibiting > 97% 16S rRNA gene sequence identity can inhabit distinct ecological niches (Moore et al. 1998) and exhibit large differences in whole genome size, gene number and gene identity (Rocap et al. 2003) . Although past reports show little host specificity of S. spongiarum based on 16S rRNA gene sequences (Steindler et al. 2005 , Thacker 2005 , Taylor et al. 2007a ), our results demonstrate that less-conserved molecular markers can reveal host-specific clades, consistent with recent reports of vertical transmission of S. spongiarum (Usher et al. 2005) . Additionally, physiological differences among these distinct symbiont clades may affect host -symbiont interactions and account for the variable responses to shading observed in the 2 host sponge species investigated.
Future metagenomic investigations of these symbiont clades may reveal the genetic differences underlying these variable physiological outcomes (Taylor et al. 2007b ).
An alternative hypothesis is that both host species receive supplemental nutrition from their symbionts, but vary instead in the plasticity of their nutritional mode. For example, the Mediterranean sponge Petrosia ficiformis activates heterotrophic metabolic pathways in response to the loss of cyanobacterial symbionts (Arillo et al. 1993) . Recent reports from coraldinoflagellate symbioses demonstrate that some host corals are able to increase their heterotrophic feeding rates and replenish nutrient stores during bleaching, when symbiont populations are reduced or absent (Grottoli et al. 2006) . Similarly, Neopetrosia subtriangularis may have the ability to increase heterotrophic feeding rates when ambient light conditions change and symbiont photosynthetic activity is reduced, yielding similar growth rates of shaded and control individuals. In Aplysina fulva, the symbiosis may be more specialized, with the host sponges dependent on symbiont-derived nutrition and lacking flexibility in their nutritional mode, yielding reduced growth rates in the shaded treatments. Future investigations involving direct observations of filtration rates, filtration efficiency, and heterotrophic versus autotrophic nutrient assimilation will be needed to test this hypothesis.
Our findings suggest that Caribbean spongecyanobacteria associations are characterized by genetically distinct clades of symbionts that may confer variable nutritional benefits to their hosts, with some host species deriving substantial nutrition from symbiont photosynthesis. The evolution of spongecyanobacteria symbioses represents an important adaptation of sponges to the oligotrophic coral reef environment, with symbiont-derived autotrophic nutrition providing resources for increased sponge growth and competitive ability. In contrast to previous reports (Wilkinson 1987) , our measurements of the common occurrence (Erwin & Thacker 2007) and high photosynthetic activity of sponge-cyanobacteria associations suggest that these symbioses make major contributions to primary productivity on Caribbean reefs. Additional studies of sponge-cyanobacteria symbioses will further reveal the diversity of sponge-associated cyanobacteria, the importance of these symbionts to sponge ecology and their impacts on nutrient cycling and other ecosystem functions. 
